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Abstract
This work discusses the chemical kinetics of nitrogen molecules relaxing in a heat bath at constant
temperature in a background gas composed of electrons and nitrogen atoms. The QCT (Quasi-
Classical Trajectory) model recently developed at NASA Ames Research Center [14] is used to
study energy transfers and population distribution of nitrogen molecules due to collisions with
atoms. An ab-initio model developed at the University College London (UCL) is used to study
electron impact excitation. Initially, the chemical reactor is filled with cold gas which is suddenly
heated up by several thousands of degrees Kelvin to reproduce strong non-equilibrium conditions.
The large differences between translational and internal energy in the gas mixture promote energy
transfers between the different internal states of the molecules.
This work aims at studying the population of the internal states of the nitrogen molecules and
the time evolution of the internal energy modes in order to construct a model for atmospheric
re-entry conditions.
Different assumptions will be made in order to quantify the free electron temperature. In
literature, this temperature is often chosen to be equal to the translational temperature. This
hypothesis will be discussed and compared to a new model that compute the electron temperature
based on the conservation the free electron energy.
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Chapter 1
Introduction
During atmospheric reentry, a spacecraft must face extreme conditions. Modeling this environment
is a challenging problem for engineers because of the variety and the complexity of the physical
processes taking place in the flow surrounding the vehicle. The shock wave created for a reentry
speed such as 10 km/s yields to an significant rise of the kinetic temperature around the surface.
This temperature rise will foster collisions between the different particles thus inducing chemical
reactions, including ionization and dissociation, excitation of the internal energy modes of the atoms
and molecules and important emission of radiation. The correct prediction of heat loads received
by the vehicle strongly depends on the accurate modeling of these physical phenomena.
At rest, air is mainly composed of nitrogen molecules and the chemical reactions involving nitro-
gen produce strong radiators such as N and N+2 . The radiation emitted by these species dominate
the radiative component of the heat flux. The present work focus on the study of the collisional
interactions between nitrogen molecules and electron on one hand, and, between nitrogen molecules
and nitrogen atoms on the other hand. Important experimental and theoretical investigations have
been done on the subject [18] [3] [4]. However these models and experiments failed to provide an
accurate description of the problem, for a wide range of applications.
What motivates this work is the recent progress made in computational quantum chemistry
[15] [20]. Recent databases have been developed based on microscopic theory in order to compute
accurate cross sections and rate coefficients between the different species involved. These high fi-
delity models permit the aerospace engineers to dismiss empirical methods and constructs general
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methods that have a wide range of applications. This study is at the interface of computational
chemistry and computational fluid dynamics. We aim at developing a non-equilibrium model for
the equations of fluid dynamics by considering each quantum state of the particles involved as an
independent species in the governing equations. The approach is referred as State-To-State (STS)
method in literature and the set of equations obtained is called the Master Equation.
The objective of this thesis is the construction of a model for high temperature nitrogen plasmas
able to capture the strong non-equilibrium effects encountered in hypersonic reactive flows.
1.1 Background and motivations
Conventional Navier-Stokes equations provide a way of computing the flow properties (velocity,
density, pressure) at any point and at any time but are limited by certain assumptions. When the
time rate of changes of the proportion of the different species has the same order of magnitude as
transport velocities, thermal non-equilibrium and chemical non-equilibrium need to be considered.
These equations need to be adapted. The continuity equation need to be changed in order to
take in account the production rate of different species and the energy equation need to be modified
to take in account the internal energy created and depleted by the chemical reactions.
Understanding the way the internal energy is distributed among the molecules is not a trivial
task. When a gas is in local equilibrium, the distribution of the internal energy is defined by the
Maxwell-Botlzmann distribution [9] [10]. This distribution depends on the temperature and the
internal energy levels of the molecule considered. When non-equilibrium effects are present, the
distribution cannot be found using Boltzmann theory. The model needs to be refined to a State-
To-State model. Nitrogen molecules can have different rotational and vibrational states. A pair
of rotational and vibrational state is called rovibrational state. The state-to-state model aims at
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tracking the time evolution of the distribution of the number of molecules among these rovibrational
states. The mass continuity equation is transformed to a continuity equation for each rovibrational
state:
∂ρi
∂t
+∇ · (ρi(~u− ~ui)) = ωi (1.1)
Where ρi stands for the density of the rovibrational state i, ~u stands for the averaged velocity,
~ui stands for the diffusion velocity of the state i and ωi is the mass production rate of the the state
i per unit volume.
To describe the transitions between the internal states, a kinetic model needs to be used to
take in account the collisional processes between molecules of different levels. Recently, an ab-
initio database for nitrogen kinetics was developed at NASA Ames Research Center. In parallel,
theoretical calculations have been performed for electron-nitrogen scattering considering the differ-
ent vibrational levels of nitrogen [27] in order to compute cross sections and rate coefficients for
electron-molecule collisional excitation. The combination of electron impact excitation and atomic
impact excitation databases is at the origin of this thesis.
1.2 Literature Review
Previous work on N2(
1Σ+g )-e
The electron-vibration excitation N2(
1Σ+g )-e has been the object of a study done by Lee [18]. The
cross sections rate coefficients for electron impact excitation relied on experimental data. They
are difficult to obtain and are limited the first few energy levels (up to 3 eV). In order to build
a high-temperature model that reflect non-equilibrium conditions, a database taking in account
higher levels was necessary.
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A model was developed by Mertens [19] based on ab-initio calculations for cross sections and
rate coefficients realized by Huo et al. [12]. This work determined the rate of nitrogen vibrational
relaxation from electrons collisions for any vibrational and electron temperatures. However, the
energy levels of the nitrogen molecule were ranging from 0 to 5 eV.
Bourdon and Vervisch [6] investigated on the Landau-Teller proposed by Lee [18]. They showed
that the model based on rate coefficients and cross sections obtained by ab-initio calculations differ
from the Landau-Teller model for high electron temperatures.
A recent study done by Laporta et al. [27] [16] use theoretical calculations for electron-nitrogen
resonant scattering considering all vibrational transition in the energy range 0-10 eV. The kinetic
study is vibrational specific and assessed the accuracy of the existing models. The computed rate
coefficients are the ones used in the model proposed in this thesis.
Previous work on N2(
1Σ+g )-N(
4Su)
The collisional interactions between nitrogen molecules and nitrogen atoms have been the object
of experimental work proposed by Appleton [3], Blackman [4] and Sharma[24] [25]. Most of these
experiments were conducted in shock tubes. However they did not provide enough information
about the population distribution among the different states. These experiments focused on the
calculation of macroscopic quantities.
A more refined model was developed by Esposito et al. [8]. Using semi-empirical potential
energy surface for the nitrogen molecules and QCT calculations to compute the cross sections and
rate coefficients of the atomic impact excitation.
A main advance came with the use of computational quantum chemistry to compute theoretical
potential energy surfaces. At NASA Ames Research Center, a recent database was developed for
nitrogen species by Jaffe et al. [14] [15] [7] [23]. The NASA database was developed by using
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quantum mechanics to describe the interactions between molecules and atoms. This information is
translated into a potential energy surface which is used to compute the scattering of the particles
using QCT calculations.
A previous work by Panesi [20] details the energy transfer in nitrogen mixtures using NASA
Ames database. It underlines the fact that the highest lying levels of the nitrogen molecules tend to
thermalize quickly whereas the lowest lying levels follow a Boltzmann distribution at the rotational
temperature of the mixture. It also shows that the energy relaxation perfectly follows a Landau-
Teller model[21].
1.3 The Structure of the Thesis
This thesis is organized as follows: Chapter 2 presents the thermodynamic properties used to define
the state-to-state model and discusses the effects of the collisional excitation between nitrogen
molecules and free electrons. It will presents a vibrational specific analytical solution, a rovibrational
specific numerical solution and discuss the time characteristics of the relaxation.
Chapter 3 presents the collisional excitation of nitrogen molecules due to collisions with nitrogen
atoms and solves a mixed system composed of nitrogen molecules, atoms and free electrons including
dissociation effects. The objective of this chapter is to understand the role played by each reaction
during the relaxation.
Chapter 4 introduces a novel model to compute the electron temperature in real time and to what
extent this model changes the results found in the previous cases.
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Chapter 2
Electron-vibration energy
exchanges
It is well known that vibrational energy plays a major role in the total energy balance of non-
equilibrium gases or gas mixtures. The inelastic collisions between electrons and N2(
1Σ+g ) molecules
are very efficient at exciting the vibrational levels of the molecules (the e-V relaxation). Previous
theoretical studies for the e-V relaxation were proposed by Lee [18], Mertens [19], Bourdon and
Vervish [5] [6]. This section discusses the mathematical model used to describe the non-equilibrium
relaxation of nitrogen molecules in an isothermal heat bath. The model relies on the solution of the
master equations, which describes the dynamics of the internal states of the molecules. The required
rate coefficients were recently computed by Laporta [27][16]. The purpose of this section is to extend
the model proposed by Laporta to a rovibrational model and to pursue the work done by Bourdon
[6] by confronting the results to the Landau-Teller model. The sections is organized as follows:
First, the state-to-state model is defined and the difference between vibrational and rovibrational
specific models is explained. Second, the rovibrational specific kinetic model is reduced to be used
in a vibrational specific model. Second, a rovibrational state to state model is constructed and the
possible effect of the rotational energy over the vibrational relaxation will be studied. Finally the
analysis of the dynamics of the internal relaxation is discussed.
2.1 Thermodynamics
The internal energy of a molecule can be divided into three parts: vibrational, rotational and elec-
tronic. The electronic energy is not an object of study in this thesis. The different possible values
of vibrational and rotational energies that a molecule can have are not continuous, but are in fact
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quantum states. A state-to-state model is a model that takes in account the different vibrational
and rotational quantum states that the molecules in the mixture occupy. A vibrational specific
model is a model that takes in account only the vibrational quantum states whereas a rovibrational
specific model is a model that takes in account both vibrational and rotational states.
The vibrational and rotational quantum states are referred by the quantum numbers v and J .
Beyond a certain rovibrational energy magnitude the molecule is likely to dissociate. Therefore,
unlike atoms, molecules have a finite number of internal states.
The NASA Ames database [14] was the starting point of this work to construct a state-to-state
model for nitrogen mixtures. It comprises 9390 rovibrational levels for the nitrogen molecule. An
index, i is defined to refer to a specific rovibrational quantum state associated to the quantum
number v(i) and J(i). The indexes i range from 1 to 9390 and they are sorted with respect to
the energy magnitude of this rovibrational state Ei=E(v(i), J(i)). I is defined as the set of the
quasi-bound energy levels of N2.
In this database, there are 61 vibrational level for N2. For a given i rovibrational level, v(i)
ranges from 0 to 60. For a given vibrational level, the maximum rotational level such as the rovi-
brational level remains in IB depends on the vibrational level. Thus, the maximum rotational level
is defined as Jmax(v). As v increases, Jmax(v) decreases because the molecule is more and more
likely to dissociate. In particular, Jmax(0)=279 and Jmax(60)=2.
The energy magnitude of the rovibrational states range from 0 to 14.921 eV. Sometimes it can
be useful to split the rovibrational energy into its vibrational and rotational component. In this
thesis, the splitting is down as follows:
E(v, J)︸ ︷︷ ︸
internal
= E(v, J = 0)︸ ︷︷ ︸
vibrational
+4E(v, J)︸ ︷︷ ︸
rotational
(2.1)
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This energy splitting is arbitrary and other choices are possible as Jaffe explains it in [13].
2.2 The vibrational specific model
2.2.1 Physical Model
The modeling of non-equilibrium relaxation of the gas is based on the state to state approach. This
method relies on a kinetics database for collisional processes. The specific rate coefficients kev,v′,J
used for molecule-electron impact excitation, describe the rate at which the following reaction
occurs:
N2(v, J) + e
−
ke
v′,v,J

ke
v,v′,J
N2(v
′, J) + e− , (2.2)
Where kev,v′,J stands for the rate coefficient for electronic impact excitation from the initial rota-
tional (J) - vibrational (v) (rovibrational) state (v, J) to the final rovibrational state (v′, J).
One can notice that the rotational level remains unchanged in the reaction. Indeed, the colli-
sions between electrons and molecules are assumed to be rotationally elastic. Because of their small
masses, the electron collisions are unlikely to change the rotational level of a molecule. On the
contrary, because of the interactions with the electron cloud, they are able to change the distance
between the atoms of a same molecule, changing the vibrational quantum level.
The rate coefficients for electron impact excitation rely on the database developed from Phys4Entry
project [1] [27]. In particular, the database refers to the resonant collisions, namely processes which
happen through a temporarily intermediate state N−2 . These kind of processes are the dominant
process at low-energy. UK–R-matrix code [26] was used to calculate the fixed-nuclei resonant state
and the local-complex-potential model [17] was used to take into account the nuclear dynamics.
Cross sections and the corresponding rate constants were calculated for the entire set of vibrational
levels of nitrogen up to 50,000 K electron temperature and for a some specific rotational levels J =
0, 50, 100 and 150.
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The reaction rate constants kev,v′(Te), at a given J , for the electrons scattering have been ap-
proximated using the following expression:
kevv′(Te) =
aevv′ exp(−θevv′/Te)
bevv′T
1/2
e + cevv′T
3/2
e
(2.3)
Where aevv′ ,b
e
vv′ ,c
e
vv′ ,θ
e
vv′ are determined with the fitting of the table of values calculated by
Laporta [16].
In order to take in account all the rotational levels described by NASA databases, a linear
interpolation method was used between these four levels (at most). The linear interpolation was
done with respect to the value of the rovibrational energy levels of the states. Because the trends of
the rate coefficients as functions of the rotational energy is not well known, the linear interpolation
is the only possible way of approximating the intermediate coefficients correctly. Therefore, for
J <150 and J /∈ {0, 50, 100, 150} kev,v′,J(Te) is calculated as follow:
kev,v′,J(Te) =
kev,v′,J+(Te) [E(v, J
+)− E(v, J)] + kev,v′,J−(Te) [E(v, J)− E(v, J−)]
E(v, J+)− E(v, J−) (2.4)
Where J+ and J− stand for the closest (higher and lower respectively) rotational level for which
the rate coefficient is known. The rate coefficients associated to a rotational level J higher than
the highest J for which we know the rotational level (i.e. J+ does not exist) is set to be kev,v′,J−(Te).
The rate constants were calculated by Laporta et al. for increasing vibrational number (i.e.
kev,v′,J−(Te) for v < v
′). The reverse rate constants, for decreasing vibrational number, kev′,v,J are
computed using the micro-reversibility principle:
kev′,v,J = k
e
v,v′,Jexp
(
E(v, J)− E(v′, J)
kBT
)
(2.5)
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Where E(v, J) stands for rovibrational energy magnitude of the pair (v, J) defined by the NASA
Ames database.
In order to make this model vibrational specific, the rate constants for transitions between
two vibrational levels, v and v′, are averaged with respect to the rovibrational partition function
following the method proposed by Munafo` et al. [2]:
kev,v′(Te, TR) =
1
Qv(TR)
Jmax(v)∑
J=0
gvJ exp
(
−4EvJ
kBTR
)
kevw,J(Te) (2.6)
• Qv(TR) stands for the rotational partition function of the vibrational level v. It depends on
the rotational temperature TR (assumed to be equal to the translational temperature T in
this model) It is computed as follow:
Qv(TR) =
Jmax(v)∑
J=0
gvJ exp
(
−4EvJ
kBTR
)
(2.7)
• gvJ stands for the degeneracy of the state (v, J) and its expression is given by:
gvJ = (2J(i) + 1)g
NS
J where g
NS
vJ is the nuclear spin degeneracy, equal to 6 for even J and to
3 for odd J. The degeneracy only depends on the rotational level.
• 4EvJ stand for the energy difference between the rovibrational levels (v,J) and (v,0).
• kB stands for the Boltzmann constant.
• kev,v′,J(Te) is the rate coefficient of the reaction:
N2(v, J) + e
−→N2(v′, J) + e−
After this reduction, the model is simplified and equation.(3.9) can be written as:
N2(v) + e
−  N2(v′) + e− , (2.8)
The number of quantum states has significantly decrease (61 vibrational states instead of 9390
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rovibrational states), thus the system becomes less expansive to solve in term of computations.
Consider a nitrogen gas in equilibrium at a vibrational temperature Tv(0) in a constant volume
box. The partial pressures of the different species will remain constant and are linked to the total
number density through the ideal gas law:
ntot =
pN2
kBT
+
pe
kBTe
(2.9)
Where pN2 and pe are respectively the pressures of the molecular nitrogen and electrons. The total
pressure, p, verifies p = pN2 + pe.As before, T is the kinetic temperature of the nitrogen atoms and
molecules whereas Te is the temperature of the electrons.
In this model, dissociation and ionization processes are neglected. Consequently, the propor-
tions of electrons and nitrogen molecules (xe and xN2 respectively) are fixed and remains constant
throughout the simulation. The different pressures can be related to the total pressure by Dalton’s
law:
pN2 = xN2p (2.10)
pe = xep (2.11)
In equilibrium, the number density of N2(v) (nitrogen molecules at vibrational level v) follows
a Maxwell-Boltzmann distribution such that:
nN2(v) = nN2,tot
Qv(TR)
Qtot(TR)
exp
(
− Ev
kBTv
)
Qtot(TR) =
∑
v∈IB
Qv(TR)
(2.12)
Where:
IB defines the set of the bound energy levels of N2
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nN2(v) is the number density of nitrogen at the vibrational state v
nN2,tot is the total number density of molecular nitrogen
Qtot is the total vibrational partition function
Tv is the vibrational temperature of the mixture
Ev is the energy magnitude of the rovibrational level (v, J = 0)
2.2.2 Analytical solution
Nitrogen molecules in equilibrium at a vibrational temperature Tv(0) are put in contact with free
electrons. The electrons are considered in equilibrium at temperature Te with a density ne. The
collisions between the nitrogen molecules and the electrons progressively bring the distribution of
the vibrational levels of N2, initially at Tv(0), to an equilibrium at the electron temperature Tv = Te.
The time evolution of the number density of N2 at the vibrational state v is described by the
following differential equation :
dnN2(v)
dt
= ne
∑
v′∈I\{v}
[kev′vnN2(v
′)− kevv′nN2(v)] (2.13)
The problem can be rewritten as a first order linear differential equation :
d
dt
nN2
 = ne
 Me

nN2
 (2.14)
Where
[
nN2
]
is a vector in the species space with the size of the number of vibrational levels
(61 in the simulation) such that
[
nN2
]
v
= nN2(v)
[
Me(T )
]
is a square matrix which verifies :
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-[
Me
]
v,v′
= kev′v when v 6= w
-
[
Me
]
v,v
= ne
∑
v′∈I\{v} k
e
vv′ otherwise
This problem can be solved analytically and the solution can be written:
nN2
 (t) =
∑
k∈I
αk
−→Vk
 eλkt (2.15)
Where the
−→
Vk are the eigenvectors of
[
Me
]
and the λk are the corresponding eigenvalues. The
eigenvalues and eigenvectors are computed numerically using the Cholesky factorization of the ma-
trix. Therefore, the solution can be computed at any time t when the constants αk are known.
The constants αk are determined by the initial conditions of the problem. The initial distribution
of the vibrational levels
[
nN2
]
(t = 0) was given by the relation (2.12). Hence, the correct values
for α1, α2, ... can be easily computed by inverting the matrix composed by the columns formed by
the eigenvectors (recall that at t=0, eλkt = 1) :
⇒
αk
 =
−→V1 −→V2 · · · −→Vn

−1 nN2
 (t = 0) (2.16)
Once the αk are determined for all k ∈ {1, ..., n}, the distribution of the vibrational levels of
N2 as a function of time can be easily computed by using the equation (2.15). The solution can be
rewritten as :
[
nN2
]
(t) =
n∑
k=1
−→
Wke
λkt (2.17)
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Where
−→
Wk = αk
−→
Vk for all k ∈ {1, ..., n} Where the −→Wk are the true eigenvectors (with the right
norm) of the problem.
The values of lambda are sorted by increasing magnitude. Thus, |λ1| < |λ2| < ... < |λn|. The
first eigenvalues can be seen on the table (1). It can be noticed that all the eigenvalues are negative
with a magnitude of 106s−1 except the first eigenvalue which has a magnitude of 10−9s−1. The
first eigenvalue is 0 and corresponds to the equilibrium state. Notice that the λn eigenvalues do
not depends on the initial conditions of the problem but are functions of the electron temperature.
k λk[s
−1]
1 -8.7E-09
2 -8.7E+05
3 -1.3E+06
4 -2.0E+06
5 -2.4E+06
6 -2.7E+06
7 -2.7E+06
8 -2.8E+06
... ...
Table 2.1: Sample of the eigenvalues of Me for Te = 10,000 K
The equation (2.17) can be written in a matricial form such as :
nN2
 (t) =
−→W1 −→W2 · · · −→Wn

eλkt
 (2.18)
This equation is split in two terms in order to extract the first eigenvector
−→
W1 and its corresponding
eigenvalue λ1 = 0.
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nN2
 (t) =

0
...
−→
W2 · · · −→Wn
0
 •

0
eλ2t
...
eλnt

+
−→W1
 eλ1t
⇒
nN2
 (t) =

0
...
−→
W2 · · · −→Wn
0
 •

0
eλ2t
...
eλnt

︸ ︷︷ ︸
NON−EQUILIBRIUM−→
t→∞0
+
−→W1

︸ ︷︷ ︸
EQUILIBRIUM
(2.19)
As shown in the equation, the first terms of the equation is multiplied by a vector of negative
exponential factor. Thus it will converge to zero as t goes to infinity. The second term was multi-
plied by eλ1t which is equal to 1 because λ1 = 0. Thus, this term remains constant as t increases.
Consequently, the vector W1 is the equilibrium solution to the problem. The first term, called the
transient represents the non-equilibrium part and tells us how fast the system converges to the
equilibrium solution.
2.2.3 Results
In the early stages of the numerical simulation, the vibrational levels of the nitrogen molecules
are assumed to be in thermal equilibrium at 300 K. In this condition, the bulk of the nitrogen
molecules occupies the lower rovibrational energy levels. Over 99% of the molecules is found in the
ground vibrational state. With time, the random motion of hot electrons brings collisions, enabling
the redistribution of free electrons translational energy into the different vibrational levels of the
nitrogen molecules. At the end of the simulation, the molecules are distributed according to a
Maxwell-Boltzmann equilibrium distribution at the bath temperature Tv=Te.
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According to equation (2.12), in equilibrium, the number of molecules nN2(v) for each state can be
written as:
nN2(v) = CQv exp
(
− Ev
kBTv
)
(2.20)
Where C is a constant depending only on the rotational temperature (equal to the translational
temperature for this case) and the total density of nitrogen molecules.
Therefore, a condition for equilibrium is that the distribution nN2(v)/Qv as a function of the
vibrational energy follows an exponential distribution, which, in logarithmic scale, can be seen as a
straight line. The slope of the straight line is directly proportional to the inverse of the temperature
at which the equilibrium is established.
The time evolution of the population of the different vibrational states is shown in Figure (2.1)
for an electron bath temperature of 10,000 K (on the left) and 30,000 K (on the right). The popu-
lation starts with a Maxwell-Boltzmann distribution at t=0s which corresponds to the equilibrium
distribution for a temperature of 300 K. Progressively, the molecules tend to occupy the lowest
lying levels of energy whereas the intermediate and highest levels remain in disorder. At the end of
the simulation, the population is distributed according to a Maxwell-Boltzmann distribution at the
bath temperature. It can be noticed that the final distribution has a lower slope for Te = 30,000
K than for Te = 10,000 K it is coherent with the fact that, at equilibrium the slope is proportional
to the inverse of the temperature.
The time evolution of the non-equilibrium averaged energy relaxation of the different modes is
shown on figure (2.2), for heat-bath temperatures of 10,000 K (on the left) and 30,000 K (on the
right). This energy is computed from the energy magnitude of each state with a weighted average
based on the number of molecules occupying each state:
Evib(t) =
1
nN2
∑
v
nN2(v)Ev (2.21)
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It can be seen that the energy starts rising at around t ≈ o(10−11) s for both heat-bath tem-
peratures and that the relaxation is quicker for Te = 10,000 K than for Te = 30,000 K. This does
not necessarily mean that the lower the heat-bath temperature is, the faster is the relaxation. This
will be studied in Sec (2.4).
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Figure 2.1: Time evolution of the N2 vibrational distribution considering electronic impact excita-
tion only under the initial conditions: T = 10,000 [K] (on the left) and T = Te = 30,000 [K] (on
the right), Tv(0) = 300 [K], xe = 5%
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Figure 2.2: Time evolution of the averaged vibrational energy per molecule considering electronic
impact excitation only under the initial conditions: T = 10,000 [K] (on the left) and T = Te =
30,000 [K] (on the right), Tv(0) = 300 [K], xe = 5%
These results yield to a good understanding of the non-equilibrium distributions of the different
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states. The linearity of the problem allows us to find an analytical solution that is useful for two
main reasons. First it gives us an accurate solution at anytime t whereas a numerical solution would
depends on the time step. Second, it provides us important pieces of information like the eigenvalues
that determine the time characteristics of the problem and the eigenvector
−→
W1 corresponding to
λ1 = 0 that gives directly the equilibrium distribution. However, this solution was vibrational
specific and the impact of the rotational levels was carried into the average formula (2.6) assuming
a Boltzmann distribution among the rotational level. This is not necessarily true and the next part
will discuss about the impact of the rotational level on the relaxation.
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2.3 The rovibrational specific model
2.3.1 Physical Model
The physical model is very similar to the one described in (2.2.1). The only difference is that,
instead of taking a vibrational specific model, the interaction between nitrogen molecules and free
electrons is processed considering all the rovibrational levels of N2(
1Σ+g ).
N2(v, J) + e
−  N2(v′, J) + e− , (2.22)
As mentioned in (2.2.1), the full set of rate specific coefficients are computed with linear interpo-
lation based on the rovibrational energy magnitude of each states and with constant approximation
for high rotational levels. In total, 9390 rovibrational levels are considered, however only few of
these levels can interact with each other because the interactions are all rotationally elastic (J is
constant in equation (3.9)).
The master equation can be written as:
dnN2(i)
dt
= ne
∑
j∈I\{i}
[
kejinN2(j)− keijnN2(i)
]
(2.23)
Where i and j stand for different rovibrational levels (v, J). The rate constants keij are set to
zero if i and j have different rotational levels.
The equation (2.23) is still linear, therefore it can still be solved analytically, using the same
analytical method as in Seq. (2.2.2). However, the matrix has a size of 9390 (the number of
rovibrational levels) and it can be computationally expensive to compute the eigenvalues and the
eigenvectors. Consequently, the following results are solved using LSODE, a subroutine package
that uses backward differentiation to solve systems of ODEs like equation (2.23).
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2.3.2 Results
The first set of results was computed using a cold rotational temperature equal to the initial
vibrational temperature of the molecules TR = Tv(0) = 300 K. The nitrogen molecules are in
contact with hot free electrons in equilibrium at temperature Te = 10,000 K. The collisions between
the nitrogen molecules and the electrons progressively change the distribution by increasing the
vibrational levels of the molecules.
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Figure 2.3: Time evolution of the N2 rovibrational distribution considering N2(
1Σ+g )−e vibrational
excitation under the initial conditions T = Te = 10,000 [K], T
I
0 = TR = 300 [K], xe = 5%
As shown in Figure(2.3), the initial population follows a Boltzmann distribution (a straight line).
In the figure, the states characterized by the same vibrational quantum number are indicated with
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the same color. During the non-equilibrium relaxation, the relative population of the vibrational
levels, changes as a function of time, due to the collisional excitation processes. However, since the
collisions with electrons are assumed to be rotationally elastic, the rotational temperature is frozen
throughout the simulation. In these conditions it is not possible for the system to reach equilibrium,
and the final distribution exhibits a “comb-like” structure. On the contrary, for a fixed rotational
quantum number, the final population of the vibrational levels is well described by a Boltzmann
distribution at the heat-both temperature. During the relaxation however, the population of the
vibrational levels is highly distorted and strongly depart from the equilibrium distribution. In or-
der to reach chemical equilibrium, it is necessary to increases the level of rotational energy in each
molecule, that is what the following simulation will introduce. It also allows to investigate on the
impact of rotational energy on the vibrational relaxation.
The second set of results was computed using a hot rotational temperature equal to the trans-
lational temperature of the mixture.
In figure (2.4), it can be seen that the relaxation starts from a non-equilibrium population
distribution. It is due to the difference between the initial low vibrational temperature, Tv = 300
K, and the rotational temperature equal to the translational one, TR = T = 10,000 K.
The assumption of rotational equilibrium between translation and rotational energy modes is
often introduced in the modeling of non-equilibrium chemically reacting gases. Thus, this test al-
lows for the impact of this assumption on the non-equilibrium kinetics to be investigated. At steady
state conditions, the population of the internal energy levels form the equilibrium distribution at
the translational temperature of 10,000 K. It can be seen that for the highest lying levels, the
distribution slightly depart from the equilibrium. This is due to the fact that the rotational level
population is frozen to the initial population and that the rotational energy ultimately depends on
the vibrational energy distribution due to the rotational vibrational coupling.
For the rovibrationally specific cases, the evolution of the internal energies (vibrational and
rotational) was plotted figure (2.5). The results are compared to the vibrational specific case
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Figure 2.4: Time evolution of the N2 rovibrational distribution considering N2(
1Σ+g )−e vibrational
excitation under the initial conditions T = Te = TR = 10,000 [K], T
I
0 = 300 [K], xe = 5%
studied in Section (2.2). It can be seen that the time evolution of the vibrational energies are
very similar. The rovibrationally specific cases are slightly different from each other whereas the
rotationally hot case and the vibrational specific case exactly match. This is due to the averaging
done in equation. (2.6) to go from a rovibrational specific case to a vibrational specific case. This
is equivalent to assume a rotational equilibrium at the translational temperature.
The changes in the rotational energies are significant only in the hot case. In this case, even if the
rotational temperature is frozen, the energy decreases as a result of the coupling between vibration
and rotation. In the cold case, this effect is not as obvious because the levels characterized by high
J quantum number are completely depleted and they cannot be replenished by collisional processes.
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Figure 2.5: Time evolution of the averaged rovibrational energies considering N2(
1Σ+g )−e− collisions
under the initial conditions T = Te = 10,000 [K], T
I
0 = TR = 300 [K] for the blue lines, TR = 10,000
[K] for the red lines, xe = 5%. The plain line corresponds to the average vibrational energy and
the dashed line corresponds to the average rotational energy. The green markers correspond to the
vibrational specific case studied in Section 2.2.
This effect is responsible for the small difference in the time evolution of the vibrational energies
between the rotationally hot and rotationally cold cases.
As it can be also noticed observing the time evolution of the population distributions, the time
evolution of the vibrational energy is not disturbed by the magnitude of the rotational energy.
It reveals that the vibrational non-equilibrium effects are relatively insensitive to the rotational
energy content of each molecules. This, is due to the weak dependence of the excitation rate on the
rotational quantum number.
Furthermore, in order to confirm this hypothesis, figure (2.6) proposes a vibrational specific
study by comparing the populations of the vibrational levels, obtained with the rovibrational ap-
proach, with the simplified vibrational state-to-state model. The results obtained for rotationally
hot and rotationally cold conditions are compared to a vibrational specific model as it was done by
Laporta [16]. There is no change between the different distributions, and this confirms the weak
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Figure 2.6: Time evolution of the N2 rovibrational distribution considering N2(
1Σ+g )−e vibrational
excitation under the initial conditions T = Te = TR = 10,000 [K], T
I
0 = 300 [K], xe = 5%
influence (quasi-nonexistent) of the rotational energy over the vibrational relaxation.
The time evolution of the vibrational energy is similar for the three cases under investigations.
Minor differences are observed at the later times when the averaged energy of the different molecules
approaches the steady state condition. In this case the rotationally cold case is the slowest to reach
the final state, while the remaining cases are virtually indistinguishable. This is expected since the
vibrational specific model was constructed under the assumption of thermal equilibrium between
rotation and vibration.
From this analysis it can concluded that the relaxation of nitrogen molecules in a heat-bath
made of free electrons tends to excited the vibrational levels and that the rate of excitation is only
weakly dependent on the rotational distribution function.
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2.4 Time characteristics analysis
Often in literature, the vibrational relaxation due to interaction with free electrons is modeled
using a simple Landau-Teller model[18] . Under this model, the averaged vibrational energy can be
described by the following differential equation:
dEvib(t)
dt
=
E∗vib − Evib(t)
τ
(2.24)
In order to assess the validity of this model, a comparison between the results obtained with the
rovibrationally specific model and the ones obtained using the Laudau-Teller expression is proposed.
Two different methods are used to extract the characteristic time, τ , in Eq. (2.24):
1. The first definition (method 1) relies on the e-folding method, discussed by Park[21]. In this
case τ corresponds to time needed to reach the 63.4 % of the final average vibrational energy.
2. The second definition (method 2) makes use of the Landau-Teller equation, Eq. (2.24), to
solve for τ . The value of the time derivative of the vibrational energy is evaluated at t = 0
using a finite difference method.
A third method would consist in looking at the eigenvalues computed in the vibrational specific
case with the method described in Section (2.2.2). The eigenvalues characterize the time dependence
of the non-equilibrium effects. If the relaxation actually depends on only one parameter, the time
characteristic τ , this constant can be approximated as the inverse of the lowest non-zero eigenvalue
(in absolute value), corresponding to the slowest relaxation. However, in the sample shown in Table
(2.2.2), it can be noticed that the values of the eigenvalues are all fairly close to each other. This
characteristic helps us to understand why the Landau-Teller model will not be an accurate model
for this case.
To confirm this hypothesis, the two methods described above were applied. The two methods
gave different results. The second method gives a result very close to the results found by Laporta
[16] and is located right between the results found by Lee [18] and Bourdon et al. [6] whereas the
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first method gives a relaxation time higher than expected when the temperature increases as it can
be seen on Figure (2.7).
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Figure 2.7: Relaxation time multiplied by the electron pressure as a function of the temperature.
The results computed with the two methods are compared to the previous work done by Lee [18]
and Bourdon [6]
It can be seen on figure (2.7) that the two methods give similar results for relatively low temper-
atures such as 10,000 K. However, for high temperatures, the two methods give different results. It
is important to notice that if the solution was actually following Landau-Teller model described in
Eq. (2.24), that yields to an exponential solution, the two methods would be equivalent and would
necessarily agree. Consequently, it can be expected that the model will fairly agree with the real-
ity for temperatures around 10,000 K but will not be accurate for high temperatures above 15,000 K.
To point out this result, A comparison of the results obtained with the simulation and the results
that a Landau-Teller model would give are showed for T = 10,000 K (on the left) and T = 30,000
K (on the right) on figure (2.8). For a temperature of 10,000 K, the approximation gives a fairly
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Figure 2.8: Time evolution of the averaged normalized vibrational energies considering N2(
1Σ+g )−e−
collisions under the initial conditions T = Te = 10,000 [K] (on the left) and T = Te = 30,000 [K]
(on the right), xe = 5%. The blue line corresponds to the averaged vibrational energy found using
the state to state model, the red lines (plain and dashed) correspond to the time evolution of the
averaged vibrational energy applying a Landau-Teller model with methods 1 and 2.
accurate result but for a temperature of 30,000 K, it can be seen that both methods are inaccurate
to describe the relaxation. In general, it impossible to approximate the (E-T) relaxation with a
solution verifying the Landau-Teller differential equation (i.e. an exponential solution), especially
for high temperatures.
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Chapter 3
The N2(
1Σ+g )-N(
4Su)-e system
The previous chapter focused on the analysis on the internal energy relaxation due to electronic
impact excitation. However, this is not the only phenomenon that can affect the internal energy.
The atomic impact excitation and dissociation are two other reactions that can play an important
role in the energy transfers. A recent database was developed at NASA Ames Research Center
to quantify these reactions. This chapter will first focus on the N2(
1Σ+g )-N(
4Su) atomic impact
excitation interactions. Then, this reaction is implemented to the previous model N2(
1Σ+g )-e.
Lastly, dissociation effects are studied in the full model.
3.1 The N2(
1Σ+g )-N(
4Su) sub-system
3.1.1 Physical model
For 9390 rovibrational levels of the nitrogen molecule, the database for the N2(
1Σ+g )-N(
4Su) was
developed at NASA Ames Research Center. The cross sections and rate coefficients were computed
based on a Quasi-Classical Trajectory method [22]. It comprises 23 million reactions that were
studied by Panesi et. al. [20] including the atomic impact excitation:
N2(i) + N
kNi,j

kNj,i
N2(j) + N (3.1)
Where i and j are two integers that stand for two different rovibrational pair levels (v, J) and
(v′, J ′). They are sorted with respect to their rovibrational energy magnitude (i < j ⇒ Ei < Ej);
kNi,j stands for the rate coefficient for the atomic impact excitation from the rovibrational state i to
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the state j.
The database only includes rate coefficients for i < j. Reverse rate coefficients are computed
using micro-reversibility principle:
kNj,i = k
N
i,j
gi
gj
exp
(
Ei − Ej
kBT
)
(3.2)
Where gi stands for the degeneracy of the state i and its expression is given by:
gi = (2J(i) + 1)g
NS
i where g
NS
i is the nuclear spin degeneracy, equal to 6 for even j and to 3
for odd J. Notice that the term corresponding to the ratio of the degeneracy cancels in Eq. (2.5)
because the interactions considered were rotationally elastic and the degeneracy only depends on
the rotational level J(i).
The nitrogen atom degeneracy is gN = 12.
The set of equations become:
dnN2(i)
dt
= nN2
∑
j∈I\{i}
[
kNj,inN2(j)− kNj,inN2(i)
]
(3.3)
It can be seen that the system of equations is still linear with respect to nN2(i) and very similar
to the equation seen in chapter 2. However, the number of non-zero rate coefficients is greater
because of the rotational inelasticity of the interactions.
As in Chapter 2, a nitrogen gas in equilibrium at a rotational and vibrational temperature of 300
K is put in contact with a fixed portion of nitrogen atoms that carries an important translational
energy. The pressure remains constant and linked to the total number density through the ideal
gas law:
ntot =
pN2
kBT
+
pN
kBT
(3.4)
The different pressures can be related to the total pressure by Dalton’s law:
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pN2 = xN2p (3.5)
pN = xNp (3.6)
Progressively, the nitrogen molecules are brought to equilibrium at the translational temperature
of the atoms. In equilibrium, the number density nitrogen molecules at the rovibrational state i
follows a Maxwell-Boltzmann distribution such that:
nN2(i) = nN2
gi∑
j∈I gj
exp
(
−E(i)
kBT
)
(3.7)
The set of equations is solved using the LSODE package as in Seq. (2.3).
3.1.2 Results
This set of results was computed considering only impact excitation collisions for a pure nitrogen
mixture, without taking in account dissociation effects. On figure (3.1), the time evolution of the
distribution of the nitrogen molecules among the rovibrational states is shown for atomic impact
excitation effects under the following initial conditions: Internal temperature (rotational and vibra-
tional) of 300 K, proportion of atoms in the mixture xN = 5% and translational temperature T =
10,000 K.
It can be noticed that the rovibrational energy transfers affect the highest lying levels in priority,
this was not the case with the presence of the electrons instead of the nitrogen atoms.
A computation of the time evolution of the different internal energies is shown Figure (3.2) for
two different translational temperatures. For a temperature of T = 10,000 K (on the left), the
rotational energy is heated up before the vibrational energy, between t ≈ o(10−9) and t ≈ o(10−7).
This could be explained by the fact that the magnitude gaps between the different rotational energy
levels is smaller than the gaps between vibrational energy levels. However, for T = 30,000 K (on
the right) the two relaxations take place approximately at the same time, t ≈ o(10−9) and t ≈
o(10−7). Thus, the rotational relaxation seems to not being strongly influenced by the heat-bath
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Figure 3.1: Time evolution of the N2 vibrational distribution considering N2(
1Σ+g ) − N(4Su) rovi-
brational excitation without dissociation under the initial conditions T = 10,000 [K], T I0 = TR(0) =
300 [K], xN = 5%
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Figure 3.2: Time evolution of the averaged rovibrational energy considering N2(
1Σ+g ) − N(4Su)
collisions under the initial conditions T = 10,000 [K] (on the left) and T = 30,000 [K] (on the
right), T I0 = 300 [K], xN = 5%. The blue line corresponds to the average vibrational energy, the
green line corresponds to the average rotational energy and the red line corresponds to the average
internal energy.
temperature but the vibrational relaxation becomes faster as the temperature increases. This
result is completely different than what was observed in the previous chapter where were studied
the interactions between molecules and electrons. In that case, it can be observed on figure (2.7 that
the characteristic time of the vibrational relaxation seemed to increase (the relaxation is slower)
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as the translational temperature increases. It was also observed that the N2(
1Σ+g )-e relaxation
could not be modeled by a Landau-Teller approximation, is it still the case for the N2(
1Σ+g )-N(
4Su)
relaxation ?
3.1.3 Characteristic time
As presented in Seq. (2.4), the Landau-Teller model aims at quantifying the internal energy as a
function of time using the simple equation:
dEint(t)
dt
=
E∗int − Eint(t)
τ
(3.8)
Where Eint(t) stands for the averaged internal energy of the molecules at a given time t and E
∗
int
stands for the averaged internal energy at equilibrium. The characteristic time τ was computed
using the two methods described in Seq. (2.4). For this case, the two methods give similar results
and as it can be seen on figure (3.3), the Landau-Teller model reproduce accurately the results
obtained during the simulations.
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Figure 3.3: Time evolution of the averaged normalized internal energies considering N2(
1Σ+g )− e−
collisions under the initial conditions T = 10,000 [K] (on the left) and T = 30,000 [K] (on the right),
xN = 5%. The blue line corresponds to the averaged internal energy found using the state to state
model, the red line correspond to the time evolution of the averaged internal energy applying a
Landau-Teller model.
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In this section, the internal energy relaxation due to atomic impact excitation was described. It
would be interesting to know which phenomenon, between atomic impact excitation and electron
impact excitation, predominates over the other. It is already known that the electron impact
excitation cannot affect the rotational energy but for the vibrational energy, both phenomena tend
to affect it and will compete against each other.
3.2 The N2(
1Σ+g )-N(
4Su)-e mixed system
3.2.1 Physical Model
In this section, both the atomic impact excitation and the electronic impact excitation have been
considered. The role played by dissociation will be also showed at the end of the section. The three
reactions considered are:
• Electron impact excitation:
N2(i) + e
−
kei,j

kej,i
N2(j) + e
− , (3.9)
• Atomic impact excitation:
N2(i) + N
kNi,j

kNj,i
N2(j) + N (3.10)
• Atomic impact dissociation
N2(i) + N
kDi

kRi
N + N + N (3.11)
Where kDi stands for the rate coefficient for atomic impact dissociation of the state i and
kRi stands for the rate coefficient for recombination of the state i. The recombination rate
coefficients have been computed using the micro-reversibility principle:
kRi = k
D
i
giQ
t
N2
(T )exp(Ei−2ENkBT )
(gNQtN (T ))
2
(3.12)
Where QtN2(T ) and Q
t
N (T ) are the translational partition functions of the molecules and
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atoms respectively. They are defined as:
QtN2(T ) =
(
2pikBmN2T
h2P
)3/2
and QtN (T ) =
(
2pikBmNT
h2P
)3/2
(3.13)
Where hP stands for Planck’s constant.
Three reactions lead to three sources terms to take in account in the time evolution of the
number density of each rovibrational state i. The full set of equations become:
dnN2(i)
dt
= nN2
∑
j∈I\{i}
[
kNj,inN2(j)− kNj,inN2(i)
]
+ ne
∑
j∈I\{i}
[
kej,inN2(j)− kej,inN2(i)
]
+ nN2
[
kRi nN2(i)
2 − kDi nN2(i)
]
(3.14)
It can be seen that the dissociation effect introduces a non-linear term, kRi nN2(i)
2. Therefore,
the solution cannot be found analytically using the method described in Seq. (2.2.2). But it can
still be solved with LSODE as in Seq. (2.3) and Seq. (3.1).
A nitrogen gas in equilibrium at a rotational and vibrational temperature of 300 K is put in contact
with a fixed portion of nitrogen atoms and free electrons that carry an important translational
energy. The pressure remains constant and linked to the total number density through the ideal
gas law:
ntot =
pN2
kBT
+
pN
kBT
+
pe
kBTe
(3.15)
The different pressures can be related to the total pressure by Dalton’s law:
pN2 = xN2p (3.16)
pe = xep (3.17)
pN = xNp (3.18)
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Progressively, the nitrogen molecules are brought to equilibrium at the translational temperature
of the atoms and electrons. When equilibrium is reached, the number density of each state can be
found using the Maxwell-Boltzmann formula:
nN2(i) = nN2,tot
gi∑
j∈I gj
exp
(
−E(i)
kBT
)
(3.19)
If dissociation occurs, the number of molecules nN2 and the corresponding partial pressure pN2
decrease. It will affect the averaged internal energy of the mixture. In the first set of results,
dissociation is ignored in order to determine which of the two phenomena, between atomic impact
excitation and electron impact excitation, predominates over the other. In the second set of results,
the effects of dissociation will be discussed.
3.2.2 Results without dissociation
This set of results take in account the reactions (3.9) and (3.10). The dissociation reaction, (3.11) is
omitted. The figure (3.4) show the time evolution of the rovibrational distribution of the nitrogen
molecules. The results are computed under the following initial conditions: Internal temperature
(rotational and vibrational) of 300 K, proportion of atoms in the mixture xN = 5%, proportion of
electrons in the mixture xe = 5% and translational temperature T = 10,000 K.
The two reactions occurring during the relaxation can be observed on figure (3.4). The aspects
of the different phenomena can be identified by comparing this figure to the figures (2.3) and (3.1).
The highest lying rovibrational levels seem to be excited by the atomic impact excitation whereas
the lowest lying levels seem to be excited by the electron impact excitation. At the end of the
relaxation, the different states follow a Maxwell-Boltzmann distribution.
In order to determinate which phenomenon predominates over the other, in terms of energy, the
figure (3.5) presents the time evolution of the averaged internal energies under the same initial con-
ditions. This figure needs to be compared to the figure (2.5), where only electron impact excitation
is considered, and figure (3.2) (left side), where only atomic impact excitation is considered. First,
the averaged rotational energy follows the same path as in the N2(
1Σ+g )−N(4Su) case, it starts at
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Figure 3.4: Time evolution of the N2 rovibrational distribution considering N2(
1Σ+g ) − e and
N2(
1Σ+g ) − N(4Su) rovibrational excitation under the initial conditions T = Te = 10,000 [K],
T I0 = TR(0) = 300 [K], xe = 5%, xN = 5%
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Figure 3.5: Time evolution of the averaged rovibrational energy considering N2(
1Σ+g ) − N(4Su)
and N2(
1Σ+g ) − e rovibrational excitation under the initial conditions T = 10,000 [K] , T I0 = 300
[K], xN = xe = 5%. The blue line corresponds to the average vibrational energy, the green line
corresponds to the average rotational energy and the red line corresponds to the average internal
energy.
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t ≈ o(10−9) and ends at t≈ o(10−7) . This was expected because the interactions with electrons is
considered to be rotationally elastic. Second, the time evolution of the averaged vibrational energy
starts very early, at t ≈ o(10−11). This is very similar to the N2(1Σ+g ) − e case showed in figure
(2.5). Therefore it seems that the vibrational relaxation is mainly due to the electron-molecules
interactions. However, because the electrons cannot affect the rotational energy, the rotational
relaxation happens later, due to the atoms-molecules interactions. According to this model, there
is not a phenomenon that predominates over the other, the two interactions are complementary.
3.2.3 Results with dissociation effects
It can be interesting to observe the effects of the dissociation reaction. In this section, the full set of
equations, (3.9), (3.10) and (3.11) is taken in account. The dissociation tends to decrease the num-
ber of nitrogen molecules but the time at which the phenomenon happens is unknown and depends
on the rate coefficients coefficients. The figure (3.6) show the time evolution of the rovibrational
distribution of the nitrogen molecules. The results are computed under the same initial conditions
as before: Internal temperature (rotational and vibrational) of 300 K, proportion of atoms in the
mixture xN = 5%, proportion of electrons in the mixture xe = 5% and translational temperature
T = 10,000 K.
It can be seen that the number of molecules simply goes down but the slope of the distribution
remains the same (because the temperature has not changed). Notice that the dissociation hap-
pens at t ≈ o(10−6). This is a significant amount of time after the rovibrational excitation that
was completed at t ≈ o(10−7).
Consequently, dissociation does not really affect the relaxation because it happens at a different
time. Therefore, the dissociation phenomena can be treated independently and temporarily ruled
out from our descriptions.
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Figure 3.6: Time evolution of the N2 rovibrational distribution considering N2(
1Σ+g ) − e and
N2(
1Σ+g ) − N(4Su) rovibrational excitation under the initial conditions T = Te = 10,000 [K],
T I0 = TR(0) = 300 [K], xe = 5%, xN = 5%
3.3 Conclusion
This section covered the collisional excitation of nitrogen molecules due to atomic impact and
electron impact. An important result that was obtained is that for a N2(
1Σ+g )-N(
4Su)-e mixture,
the vibrational excitation is mainly due to electron collisions. However, because the electrons are too
light , they do not affect the rotational energy of the molecules. Therefore, the rotational excitation
is mainly due to atomic collisions. The dissociation effects decrease the number of molecules without
affecting the relaxation.
There is one important hypothesis that was made in the last two chapters. The electron temperature
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was assumed to be equal to the translational temperature of the mixture. This hypothesis could be
true, the molecules that collide with the atoms have their translational temperature quickly brought
to equilibrium. The same thing could happen with the free electrons and actually, this model is
largely used in literature. However, it could be more accurate to describe the electron temperature
as a function of time, that starts with the vibrational temperature of the molecules and rise up
as the collisions between molecules and electrons occur. The electron temperature would then be
derived by modeling the free electron energy equation. This aspect will be covered in the next
chapter.
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Chapter 4
A novel model for the electron
temperature
In the previous chapter, the free electrons were assumed to move with the same averaged kinetic
energy per particle as the molecules and atoms (at the translational temperature). This chapter will
introduce a novel model for the free electron energy in order to compute the electron temperature
in real time.
4.1 Free electron energy conservation
The physical model is similar as described in the previous chapter. However, dissociation effects
will not be considered as they do not affect the rovibrational relaxation in itself but only reduce
the total number of nitrogen molecules.
In this section, the electron temperature is no longer assumed constant and equal to the trans-
lational temperature of the mixture. Instead, the electron temperature is set to the vibrational
temperature at the initial state and will progressively increase to reach the translational temper-
ature of the heavy species (N2(
1Σ+g )). Since the rate coefficients for the N2(
1Σ+g ) − e− collisions
strongly depend on the electron temperature, the characteristic time of the relaxation is expected
to be slower.
The time evolution of the electron temperature is described by the following equation:
Cv,e
∂Te
∂t
= ΩET + ΩEV (4.1)
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where Cev stand for the heat capacity of a free electron gas. ΩET refers for elastic collisions
between electrons and the nitrogen species. It was computed following Gnoffo’s model [11]
ΩET = 2ρe
3
2
R(T − Te) ν
MN2
(4.2)
Where ν stands for the effective collisions frequency: ν = nN2σeN
(
8kBTe
pime
)1/2
The effective electron-nitrogen energy exchanges cross sections, σeN, is computed with a polynomial
curve fit:
σeN = a+ bTe + cT
2
e
The coefficients where computed by Gnoffo (a=7.5E-20, b=5.5E-24 and c=-2.0E-29).
ΩV T stands for inelastic collisions between electrons and the nitrogen species. It is computed
with the Master Equation:
ΩEV =
∑
i
[
−
∑
j
kei,jnine(Ej − Ei)
+
∑
j
kej,injne(Ej − Ei)
] (4.3)
The indexes i and j stand for different rovibrational states. Since the collisions between elec-
trons and nitrogen molecules are rotationally elastic, most of the coefficients kei,j are zero.
The equations (4.2) and (4.3) are implemented to the model to take in account the time evolution
of the electron temperature. The source term ΩET (standing for the elastic collisions) tends to
increase the electron temperature as the kinetic energy of the heavy particles is transferred to
electrons. The source term ΩEV (standing for the inelastic collisions) tends to decrease the electron
temperature when the kinetic energy of the electrons is lower than the vibrational energy of the
molecules but when the vibrational energy of the molecule is higher this term tends to rise the
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electron temperature.
The first set of simulations will be conducted on the N2(
1Σ+g )-e sub-system in order to compare
this model to the constant electron temperature model described in chapter 2. It will also help us
to determine which one of the source term predominates over the other.
4.2 The N2(
1Σ+g )-e sub-system with electron temperature
model
4.2.1 Vibrational relaxation with electron temperature model
The figure (4.1) presents the time evolution of the population of the different rovibrational states.
The initial conditions were set to be: Internal temperature (rotational and vibrational) and electron
temperature of 300 K, proportion of electrons in the mixture xe = 5% and translational tempera-
ture T = 10,000 K.
The population starts with a Maxwell-Boltzmann distribution at t=0s but do not reach thermal
equilibrium as the rotational temperature cannot be changed. This figure has to be compared to
the figure (2.3) where the electron temperature was assumed to be constant. It can be seen that
the shape of the distribution is very similar. However the time at which the relaxation happens is
slower. The vibrational relaxation starts at t ≈ o(10−7) and ends at t ≈ o(10−5). It is significantly
slower than the relaxation processed under the assumption Te = T that was already nearly com-
pleted at t ≈ o(10−8). Furthermore, it is even slower than the vibrational relaxation considering
only atomic impact excitation that happens between t ≈ o(10−8) and t ≈ o(10−6) according to
figure (3.2).
In order to understand these differences, it can be helpful to look at figure (4.2) that shows
the time evolution of the averaged internal energies (left y-axis) and the the time evolution of the
electron temperature (right y-axis) for two different translational temperatures, T = 10,000 K (on
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Figure 4.1: Time evolution of the N2 rovibrational distribution considering N2(
1Σ+g )−e vibrational
excitation under the initial conditions T = 10,000 [K], T I0 = Te(0) = 300 [K], xe = 5%
the left) and T = 30,000 K (on the right). As expected, the electron temperature increases until
it reaches the translational temperature of the bulk. As it could be noticed in the previous figure,
the relaxation of the vibrational energy is strongly delayed compared to the previous cases. This
is due to the time needed for the electron temperature to reach its final value. The change in the
translational temperature, from 10,000 K to 30,000 K does not affect significantly the relaxation
time.
The results from this case are interrogating and invalidate the conclusions of the previous chapter
where it was shown that the vibrational relaxation due to electron impact excitation was outstand-
ingly faster than the vibrational relaxation due to atomic impact excitation.
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Figure 4.2: Time evolution of the averaged rovibrational energies considering N2(
1Σ+g )−e− collisions
under the initial conditions T = 10,000 [K] (on the left) and T = 30,000 K (on the right), T I0 =
Te(0) = 300 [K], xe = 5%
4.2.2 Analysis of the source terms
The electron temperature model was derived using two source terms ΩEV and ΩET in Eq. (4.1).
This sub-section aims at a better understanding of the contribution of each term.
The processes can be identified by analyzing the averaged energy plots, on figure (4.2). The
relaxation can be divided in three parts:
1. At the beginning of the relaxation and until t ≈ 10−7s, the electron temperature rises. It
cannot be due to the inelastic source term ΩEV because the internal temperature is even
smaller than the electron temperature. Therefore, the increase in the electron temperature is
due to the elastic source term, ΩET . The high translational energy is transferred the electrons
through elastic collisions.
2. between the times 10−7s and 10−8s, one can notice the presence of a plateau along which
the electron temperature remains constant. This is the to the inelastic term ΩEV that starts
draining the energy from the electron translational energy. During this short period of time,
the two source terms, ΩEV and ΩET will compete against each other.
3. This competition ends after t = 10−8s when the vibrational energy of the molecules has
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been sufficiently heated up and the electron temperature can keep increasing, bringing the
vibrational energy of the molecules with it.
The two source terms play a major role in this relaxation and the presence of a plateau in the
middle of the relaxation is mainly responsible for the delay observed compared to the previous
cases. It can be interesting to investigate on the effects of this model in the mixed case with both
electrons and nitrogen atoms.
4.3 The mixed system N2(
1Σ+g )-N(
4Su)-e with electron
temperature model
4.3.1 Rovibrational relaxation with electron temperature model
This set of simulations were processed considering atomic impact excitation (3.10) and electron
impact excitation (3.9) using the electron temperature model.
The figure (4.3) presents the time evolution of the population of the different rovibrational
states. The initial conditions were set to be: Internal temperature (rotational and vibrational)
and electron temperature of 300 K, proportion of electrons in the mixture xe = 5%, proportion of
nitrogen atoms in the mixture xN = 5%, and translational temperature T = 10,000 K.
The population starts with a Maxwell-Boltzmann distribution. Progressively, the molecules
tend to occupy the highest and lowest lying levels of energy whereas the intermediate levels remain
in disorder. At the end of the simulation, the molecules are distributed according to a Maxwell-
Boltzmann distribution at the bath temperature.
The relaxation time is significantly lower than in the previous case. Indeed, the atomic impact
excitation has a strong impact on the relaxation (both vibrational and rotational). However, the
plot of the averaged energies is necessary for a better understanding of the role played by each
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Figure 4.3: Time evolution of the N2 rovibrational distribution considering atomic and electronic
impact excitation under the initial conditions: T = 10,000 [K], T I0 = TR(0) = Te(0) = 300 [K],
Te = f(t), xe = xN = 5%
reaction.
The time evolution of the non-equilibrium energy relaxation of the different modes is shown in
Figure (4.4), for heat-bath temperatures of 10,000 K (on the left) and 30,000 K (on the right).
This figure is extremely similar to the N2(
1Σ+g )-N(
4Su) case that was observed on figure (3.2).
Therefore, the electron temperature model seems to make the electrons insignificant in the relax-
ation. This invalidates the conclusion drawn in chapter (3) that stated that the electrons impact
were responsible for the vibrational relaxation whereas the atomic impacts were responsible for the
rotational relaxation. In this case, both rotational and vibrational relaxations seemed to be caused
by the atomic impact excitation.
However, if the electrons were not participating in the relaxation, the population of the different
states should be the same at any time. But figure (4.3) and figure (3.4) are not identical. It means
that somehow, the electrons bring a contribution to the energy transfers.
The next subsection will focus on a deep understanding of the phenomena and will propose an
explanation to this interrogation. Even though the electrons do not have an important impact in
the time evolution of the internal energy, they still participate in the relaxation and act as a bridge
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Figure 4.4: Time evolution of the averaged rovibrational energy and the electron temperature
considering N2(
1Σ+g )− e− and N2(1Σ+g )−N(4Su) collisions under the initial conditions T = 10,000
[K] (left side) and T = 30,000 [K] (right side), T I0 = TR = Te(0) = 300 [K], xe = 5% and xN = 5%.
Based on the left y-axis, the purple line corresponds to the average vibrational energy, the green
line corresponds to the average rotational energy and the red line corresponds to the average
internal energy. The right y-axis and the dashed blue line stand for time evolution of the electron
temperature
for the energy.
4.3.2 Analysis of the source terms
For the mixed case, it is difficult to identify which source terms is responsible for the change of
the electron temperatures. For the N2(
1Σ+g )-e, only the elastic term, ΩET was able to heat up the
electron temperature but it this case, the internal energy of the nitrogen molecules could be heated
up by the atomic impact excitation and then transferred to the electron temperature by the mean
of inelastic collisions, ΩEV . In order to identify the role played by each source term, a simulation
was run using only the inelastic source term ΩEV and setting ΩET =0 at any time. The time
evolution of the averaged internal energy and the electron temperature for this simulation is shown
figure (4.5).
This figure is identical to figure (4.4). Consequently, it can be concluded that the elastic term
do not play a significant role in the relaxation.
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Figure 4.5: Time evolution of the averaged rovibrational energy and the electron temperature
considering N2(
1Σ+g )− e− and N2(1Σ+g )−N(4Su) collisions under the initial conditions T = 10,000
[K], T I0 = TR = Te(0) = 300 [K], xe = 5% and xN = 5%. Based on the left y-axis, the purple line
corresponds to the average vibrational energy, the green line corresponds to the average rotational
energy and the red line corresponds to the average internal energy. The right y-axis and the dashed
blue line stand for time evolution of the electron temperature. Elastic collisions between nitrogen
species and electrons are omitted for this simulation (ΩET =0).
Based on this conclusion the different processes participating the relaxation can be divided as
follow:
1. In the early stages of the relaxation (t ≈ o(10−8) s), rotation is heated by the collision with the
nitrogen atoms, (N2-N). In the meantime, the electrons are heated by the inelastic collisions
with the molecules that are, heated up by the nitrogen atoms. The rate coefficients ruling
the (N2-e) interactions are so strong that the energy provided by the atoms to the molecules
is immediately transferred to the the electrons.
2. The excitation of the free electron energy appears to be slowed down until (t ≈ o(10−7) s).
Indeed, the electron energy is now also depleted by the inelastic energy transfer with N2
molecules. Then, a quasi steadiness can be observed between the (N2-e) transfers.
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3. Finally, for t ≈ o(10−7) s, the atomic impact collision excitation (N2-N) becomes so strong
that the vibrational energy of the molecules keeps increasing and bring the free electron energy
with it. Until t ≈ o(10−6) s, the relaxation is leaded until each energy reach its equilibrium
value for T =10,000 K. One can notice that the vibrational energy of the molecules and
the electron temperature have their paths linked because of the strong kinetics coefficients
associated to the (N2-e) inelastic collisions.
The different steps are slightly different for T =30,000 K. Indeed, since the nitrogen atoms
heats up the vibrational energy earlier, the electron temperature increases faster and some of this
energy will be given back to complete the vibrational relaxation. To visualize this effect, it can
be useful to compare the figures 4.3 and ??, where it can be seen that, during the latest stages of
the relaxation, the excitation of the lowest lying levels have different shapes in each figure. This
is due to the electrons that heat up the lowest lying levels levels at the end of the relaxation for
T =30,000 K whereas this is barely visible for T =10,000 K. This explanation is not easy to see at
first sight but will become more obvious as the details of each individual processes will be explained.
In this simulation, it is important to appreciate the complex behavior of the free-electron tem-
perature, which is the result of two competing processes: First, elastic scattering of electrons due
to N2. Second, the inelastic energy transfer processes due to vibrational excitation/de-excitation
of nitrogen molecules. In the earlier stages of the relaxation the excitation of the N2 molecules
is operated by the atomic nitrogen. Then, the molecules, vibrationally hot, transfer part of their
energy to the free electrons. As the electrons become excited, they take over the excitation process
of the molecules. This results in the cooling of the electrons, since the excitation process consumes
their energies. Thus, there is a change on the sign of the energy transfer, which translate in a
change in the slope of the free electron temperature.
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Chapter 5
Conclusions
5.1 Present Work
The main purpose of the work was to extend the understanding of internal energy relaxation in
nitrogen plasmas by taking in account electrons-molecules and atoms-molecules interactions.
• An extended model for electron impact excitation was proposed, taking in account the rota-
tional energy of the nitrogen molecules. It was proven that the rotational excitation of the
molecules does not have a significant impact on the vibrational energy relaxation. The relax-
ation time seems to reach a minimum at an electron temperature of 10,000 K. The Landau-
Teller model does not represent accurately the time evolution of the vibrational energy for
electron temperatures larger than 15,000 K.
• The internal energy relaxation of atomic impact excitation can be modeled by a Landau-
Teller model for a wide range of translational temperatures. The vibrational relaxation time
seems to decrease as the temperature decreases whereas the rotational temperature is not
significantly affected. For a gas mixture composed of nitrogen molecules, nitrogen atoms,
free electrons and, under the assumption of a constant electron temperature equal to the
translational temperature of the mixture, it was shown that the vibrational relaxation is
mainly leaded by the N2(
1Σ+g )-e interactions whereas the rotational relaxation is leaded by
the N2(
1Σ+g )-N(
4Su) relaxation.
• When the electron temperature is assumed time dependent, starting from the vibrational
temperature of the nitrogen molecules, the results are significantly different. The time re-
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quired to heat up the free electron translational temperature delay the vibrational relaxation
significantly. Therefore, in a N2(
1Σ+g )-N(
4Su)-e mixture, the delay is such that the vibrational
relaxation takes place at the same time as in the N2(
1Σ+g )-N(
4Su) case. The electrons still
play a role in the population distribution but do not affect the internal energy significantly.
5.2 Future Work
• Two different hypotheses were made for the electron temperature. The same reasoning can
apply to the translational temperature of the gas mixture. It was assumed that the transla-
tional temperature immediately reaches equilibrium and is equal to the temperature of the
heat bath. However, a translational energy balance could serve to model a time dependent
translational temperature that rises as the relaxation occurs.
• To develop a more general model, more reactions need to be taken in account. The N2(1Σ+g )-
N2(
1Σ+g ) interactions were not considered. Even though the rate coefficients and cross sections
can be calculated, it is today very difficult to operate simulations on such a important number
of chemical reactions. The current models that are being developed only take in account the
lowest lying levels because in terms of energy, they are mainly responsible for the relaxation.
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